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INTRODUCTION
It has been widely demonstrated that coastal dune 
systems represent beach sand reservoirs, especially during 
extreme episodes of wave storms, equinoctial spring tides 
or washovers generated by tsunamis (Morales et al., 2008), 
all of which have actually occurred in SW Spain (Gutiérrez-
Mas et al., 2009). Therefore, sand dunes play an essential 
role in sedimentary beach equilibrium by protecting the 
littoral fringe from erosion. 
It is assumed that under extremely high wind stress, 
vegetation is destroyed and dunes are reactivated. 
However, in some dune fields, mobile and stabilised dunes 
can coexist (Tsoar et al., 2009). In this sense, coastal dunes 
can be stabilised or remobilised in response to changes in 
wind force (Levin et al., 2007).
Dune stabilisation is applied when original conditions 
of the dune development have been altered; reflecting 
differences in the vegetation cover, sediment supply or 
an increase in the migration rates. All these modifications 
influence aeolian sediment transport across the subaerial 
portion of the system (Jackson and Nordstrom, 2011). 
During the 1980 and 1990s, interest in transverse dunes 
under uni-directional wind regime motivated field 
measurements; this was prompted by the improved 
understanding that sand dune dynamics were not a simple 
response to regional wind patterns but a complex interaction 
between dune morphology and wind flow (Livingstone et 
al., 2007).
Measuring the saltation flux is more complicated in the 
field than in the wind tunnel because of the high temporal and 
spatial unsteadiness of natural wind compared to simulated 
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wind tunnel flow. Averaging transport data over time may 
be acceptable for very fine particles, such as aeolian dust, 
but will lead to serious errors in the case of sand because 
the saltation process itself is also discontinuous in space 
and time (Goossens et al., 2000).
As documented by Jackson and Nordstrom (2011), 
deterministic models of aeolian transport developed in the 
laboratory are often poor predictors of transport monitored 
in the field (Bauer et al., 1996, 2009), largely due to the 
greater complexity of natural systems (Sherman et al., 
1998; Wiggs et al., 2004; Davidson-Arnott et al., 2005; 
Hesp et al., 2009; Walker et al., 2009). 
On beaches, aeolian sand transport is limited to the 
lowest 0.25m above the surface and the decrease of sand 
content with height is exponential (Arens and van der 
Lee, 1995). For narrow beaches with onshore winds, the 
total sediment transport rate across the dune line will be 
less than that predicted for a wide beach because of the 
constraint imposed by the fetch effect. However, as the 
angle of wind approach becomes oblique, as it is in the 
case of the Valdevaqueros transverse dune field (Navarro 
et al., 2007), the available fetch becomes progressively 
longer, transport limitations imposed by the fetch effect are 
negligible, and transport enhancement across the dune line 
is to be expected (Bauer and Davidson-Arnott, 2003).
Although the study of sand particle sizes is 
fundamentally important for understanding the process 
of non-uniform saltation (Shao and Mikami, 2005), few 
experimental measurements have been undertaken to date 
to characterize aeolian sand transport. In Spain, e.g., Serra 
et al. (1997) obtained interesting aeolian sand transport 
results by empirical and experimental procedures at the 
Ebro Delta dunes during a year.
Thus, the aim of this paper is focused on the 
assessment of several sand transport aspects, including 
the characterisation of grain size distribution with height 
by means of sand trap measurements. Furthermore, the 
employment of a vertical array of anemometer cups allows 
the comparison of actual sand transport rates to theoretical 
sand transport results from different classical formulae.
STUDY AREA
The Valdevaqueros dune system is located 10km 
westwards from Tarifa (South Spain) in a littoral fringe that 
presents a mean tidal range of 1.5m (Fig. 1). Its geographical 
location (very near the Strait of Gibraltar) and its particular 
weather conditions make this transgressive dune field one 
of the biggest in the southern Europe (Gómez-Pina et al., 
2007), with a height of 40m over the lowest low water level 
(LLWL). The dune migrates towards the NW, developing 
ridges perpendicularly oriented to the dominant wind flow. 
Migration rates up to 17.5myear-1 have been measured 
during the last decades due to the strong and frequent 
easterly winds (Muñoz-Pérez et al., 2009).
Through a study of two decades of wind data and 
application of the Fryberger (1979) method, a sand 
rose at Tarifa was obtained with a very high sand drift 
potential, close to 10,000 vector units. Additionally, it 
was determined that nearly the 75% of the time the wind 
was above the threshold speed, which demonstrates that 
the Valdevaqueros dune field has one of the highest sand 
transport capacities in Europe (Navarro et al., 2011).
Aerial photographs from 1956 show that the 
Valdevaqueros dune was part of an old bypass dune field 
that extended from the Valdevaqueros cove in the east to 
Bolonia beach in the west (see Fig. 1). Since then, several 
management activities have been implemented, such as 
sand extractions, dune reshaping, sand fencing and marram 
plantations with the aim of controlling the sand advance 
towards the military area and, currently, a local road. 
Further information can be found in Muñoz-Pérez et al. 
(2009) and Navarro et al. (2011).
According to Román-Sierra et al. (2013) sediments at 
the Valdevaqueros beach and dune are composed mainly 
by well-sorted quartz sands. The mean grain size at the 
beach range from 0.29 to 0.47mm, while sediments at the 
dune crest range from 0.28 to 0.34mm. 
METHODOLOGY
Wind velocity characterisation
Wind velocity data for the study area has been obtained 
from the nearest meteorological station, which is located 
closer to the Strait of Gibraltar in the town of Tarifa, 
10km from the Valdevaqueros dune system. Although this 
anemometer gauge is located 41 metres above the mean 
sea level, which approximately corresponds to the current 
dune elevation, the use of a local anemometer is needed to 
document the wind velocity profile above the dune surface 
as well as short-term velocity fluctuations near ground.
The wind velocity profile was obtained by means of a 
portable vertical anemometer tower on the dune crest during 
198 minutes on the 27 March, 2012. According to Rodríguez 
Santalla et al. (2009), mean, minimum and maximum flow 
speeds and direction were measured using this vertical mast 
with five rotating cup anemometers which were employed in 
vertical arrays: at 3.5, 30, 60cm, 1.18 and 1.35m with a wind 
vane (Fig. 2), with a sampling frequency of 60s.
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According to Knott and Warren (1981), the high inertia 
of some instruments can result in the mean wind speed 
being overestimated by as much as 15%. However, cup 
anemometers show an almost linear relationship between 
the rate of rotation and wind speed, and are unaffected by 
variations in air temperature or density (Pye and Tsoar, 2009).
Sand movement measurement by sand trap
The rate of sand transport can be measured either in 
the wind tunnel or in the field by means of sand traps. 
It must be taken into account that field traps are usually 
larger than those used in wind tunnel experiments (Pye 
and Tsoar, 1990). Although the results obtained from any 
sand trap can only be regarded as approximate, since 
interference with the airflow is unavoidable (Bagnold, 
1941), experiments in the field are consistent with the 
seasonal behaviour of the wind patterns, vegetal cover, 
and moisture content, which altogether favour higher net 
aeolian sand transport during summer periods (Alcántara-
Carrió and Alonso, 2001).
Some authors have used horizontal sand traps partially 
or totally buried in the sand (Owens, 1927; O’Brien and 
Rindlaub, 1936; Belly, 1964, among others) as they do 
not disturb the flow to the same degree as vertical traps at 
high wind velocities. However, in this case, they would 
need to be very long to trap grains with flattened saltation 
trajectories (Horikawa and Shen, 1960). 
Since the research area has a very high sand transport 
capacity due to its proximity to one of the windiest points 
in Europe and thus, sand drift occurs nearly 75% of the 
time that the east wind blows (as mentioned above), no 
trap is able to catch considerable amounts of sand (several 
kg). Therefore, in order to characterise sand transport with 
height at the research dune field, an improved Bagnold 
vertical sand trap was designed in a rectangular box, 
Bolonia
Valdevaqueros
FIGURE 1. Location of the Valdevaqueros dunefield (SW Spain).
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100cm in height and 40cm wide, with 10 compartments 
in the front slit, similar to the one depicted by Sherman et 
al. (2014). Each chamber had a height of 10cm with a fine 
wire mesh of 0.125mm in the rear slit to allow wind flow 
to reduce the stagnation pressure (Fig. 3). 
Consistent with Davidson-Arnott et al. (2008) and 
Waever and Wiggs (2011), sand transport was measured 
with a vertical sand trap for a period of 15 minutes over 
the dune crest and foot, respectively, by using an apron 
cloth around the trap to avoid the scour caused by the 
wind drift, as similarly employed by Cabrera and Alonso 
(2010). Figure 4 shows the cross-dune profile with the 
locations of the sand trap and anemometers. Sand trap 
was placed oriented against the dominant wind direction.
Due to the small capacity of many vertical sand traps 
(Horikawa and Shen, 1960; Leatherman, 1978; Knott and 
Warren, 1981; Illenberg and Rust, 1986; Arens and van der 
Lee, 1995; Cabrera and Alonso, 2010), they could be filled 
within very few minutes and would be of little value in terms 
of providing massive sand transport rates from extremely 
high sand fluxes. In this sense, samples trapped at different 
heights can be compared herein to provide insight into the 
changes in grain size populations during transport.
Sampling efficiencies range from 15% to 85% for 
both conventional array traps and step-like array traps, 
while a harmonised ideal sampling efficiency for vertical 
sand traps could be considered 75% at the present stage 
(Li and Ni, 2003). 
Sand grain analysis and characterisation
Grain size analysis is of great utility for the identification 
of sand sources transported by wind. Sand samples retained 
in each trap chamber over the crest were analysed by dry 
sieving following the recommendations proposed by 
Syvitski (1991) and the laboratory procedures of USACE 
(2008). Following the procedure applied by Román-Sierra 
et al. (2013), a stack of successive mesh sieves of 2, 1.0, 
0.71, 0.5, 0.35, 0.25, 0.125 and 0.075mm were mounted 
on an electrically powered shaker machine operating at 
2.6rpm and 300taps·min-1 during an optimal sieving time 
of 15min for dune sand sample.
Consistent with Alcántara-Carrió et al. (2010), four 
principal statistical parameters of the sand-trap samples –
mean grain size, sorting, skewness and kurtosis– have been 
computed in order to know which transport modes occur 
according to sand distribution with height. These parameters 
were determined arithmetically and geometrically (in metric 
units), and logarithmically (in phi units) by extraction of 
relevant percentile values from graphic plots (Folk and 
Ward, 1957) and by the mathematical method of moments 
(Krumbein and Pettijohn, 1938; Folk, 1974; USACE, 2008). 
Theoretical and actual sand transport computation
Under atmospheric stability, the velocity profile above 
the viscous sublayer of the aerodynamically rough surfaces 
can be calculated by the Prandtl-von Karman’s logarithmic 
equation, also called the law of the wall, through which the 
mean wind speed (uz) at a certain height z can be found:
FIGURE 2. Vertical anemometer tower with rotating cups placed at five 
different heights above the dune surface.
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FIGURE 3. Schematic diagram of the vertical sand trap.
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where u* is the wind shear velocity, k is the universal 
constant that defines the Von Karman turbulent boundary 
layer (k=0.40), z is the height above the surface, and z0 is the 
aerodynamic roughness length of the surface, which is found 
to be approximately d/30, being d the grain size. An increase 
in the roughness length of the surface results in an increase of 
the friction velocity.
For typical aeolian dune sands (0.1–1.0mm), Bagnold 
(1941) showed that the theoretical transport rate (qB) varies 
approximately as the square root of the grain diameter (d) 
relative to an average diameter of 0.25mm (D) and the cube 
of the wind shear velocity (u*):
where the constant C is 1.5 for uniform sands, 1.8 for dune 
natural sands (used herein), 2.8 for poorly sorted sands and 
3.5 for pebbles. The variation in the coefficient C indicates 
that the sand transport is higher over a surface of poorly sorted 
sand or pebbles than over a surface of uniform sand. This is 
because sand saltates more readily over a hard surface or a 
surface containing larger particles (Pye and Tsoar, 1990). 
Other authors based their researches on Bagnold’s formula, 
developing new equations to obtain the wind transport rate. 
Zingg (1953) proposed a similar equation substituting C by 
0.83 and raising d/D to 3/4, so that the formula would be more 
suitable for a wider range of particle sizes:
When the wind shear velocity is below the threshold 
velocity (u* <u*t) (Belly, 1964), eq. 2 suffers from the limitation 
that it can predict unrealistic transport rates. To correct this, 
Kawamura (1964) developed a transport equation taking into 
account the threshold velocity, i.e. the critical shear velocity 
that must be achieved to initiate motion:
where K is a constant of value 2.78. Field measurements 
showed that K ranges from 2.3 to 3.1 for beach sands of a 
mean diameter of 0.3mm (Horikawa et al., 1986).
Lettau and Lettau (1978) modified Kawamura’s 
equation, where C1 is equal to 4.2:
In our case, a unique master sample obtained from 
blending the sediment retained in the 10 compartments 
of the sand trap was employed for the transport rate 
computation.
Hence, once the friction velocity has been obtained 
for each height, the theoretical sand transport can be 
determined applying the aforementioned expressions, by 
considering the mean grain size of a master sample from 
the dune crest within the computation. On the other hand, 
retained sand from each compartment of the sand trap has 
been used for the computation of the actual sand transport, 
Anemometer placement 
FIGURE 4. Cross-dune profile with the placement of sand trap and vertical anemometer tower.
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taking into account sand trap dimensions (100cm height x 
40cm wide) and time exposition (15min) (eq. 2). 
where WS is the sand weight obtained by the sand trap 
during 15min and qr the real sand transport rate for the 
dune crest area in kgm-1s-1. Results have also been obtained 
in m3m-1year-1, considering a dry density of 2650kg/m3 and 
an average porosity of 40% (Román-Sierra et al., 2014).
RESULTS
Changes in sand grain size with height 
Mean grain size (D50) of the master samples obtained by 
the sand trap at the dune foot and crest, show values of 0.3mm 
and 0.28mm, respectively. Although sand trap was placed in 
both the dune foot and the crest with the same duration, sand 
retained by the trap on the dune foot was not enough to obtain 
a successful grain size analysis at each height, but for the dune 
crest. Thus, Table 1 shows the values of the four principal 
grain statistical parameters for each sand trap height at the 
dune crest: mean diameter, sorting, skewness and kurtosis. 
It can be seen that mean grain size and skewness parameters 
presented more heterogeneous values. The mean grain size 
of the sand collected in each trap compartment ranged from 
0.25mm to 0.33mm (Table 1). 
Consistent with Román-Sierra et al. (2013), standard 
deviation values reveal moderately well-sorted sediments 
for each dune sample, ranging from 0.50 to 0.78Φ, those 
retained at lower heights being better sorted. 
Samples retained in the upper compartments are mainly 
composed by very fine materials, while negative values 
predominate on samples near the surface, which are very 
coarse-skewed. In this sense, skewness generally tends to 
becomes positive with height (Table 1). 
Regarding kurtosis, most samples follow a platykurtic 
distribution (values from 0.79 to 0.88Φ) tending to be 
mesokurtic (from 0.91 to 1.22Φ), which confirms the presence 
of different grain sizes within the analysed sand samples.
It is worth highlighting that after comparing standard 
deviations with skewness values (Fig. 5), it can be appreciated 
that well-sorted samples, which are mainly retained within 
the first 50cm of height, have negative skewness, i.e. they 
are coarse-skewed (indicating a coarse grain size distribution 
with a tail of finer particles). Results agree with the statement 
of Folk and Ward (1957), if standard deviation is a function 
of mean size, and if skewness is also a function of mean size, 
then sorting and skewness can bear a mathematical relation 
to each other (Fig. 5). 
Sand transport rates obtained by the sand trap
Figure 6 show the sediment weights retained by the sand 
trap at the dune foot and crest, respectively, for the given 10 
intervals: 0–10, 10–20, 20–30, 30–40, 40–50, 50–60, 60–70, 
70–80, 80–90 and 90–100cm, after 15 minutes of exposure. 
Over the dune foot (Fig. 6A) a total of 209g was retained 
by the sand trap within the aforementioned period of time 
(i.e. 0.84kgh-1), 47% of the transported sediment kept 
concentrated within the first 10cm above the surface and 
16% was retained in the following 10cm. Over the dune 
crest (Fig. 6B) an amount of 7.5kg (approximately 35 times 
the value found for the dune foot, i.e. nearly 30kgh-1) was 
retained by the vertical sand trap. At this dune area, 60% 
of the sand was detected in the first 10cm over the surface 
while 30% was retained in the following trap compartment 
(10–20cm), i.e. the 90% was retained in the first 20cm over 
the crest surface, while at the dune foot the 63% was kept at 
the same height interval, detecting minimum percentages 
of sediment at the upper compartments. In both cases, sand 
weight follows a decreasing potential distribution with 
height with an R-squared of 0.92 and 0.96 for the dune 
foot and crest, respectively. 
Sediment retained by the sand trap over the dune crest 
has been used to compute the actual aeolian sand transport 
at this point. Consistent with the amount of sand weighted 
from each compartment, maximum sand transport rates 
have been identified for the lowest levels of the sand trap, 
with values with a magnitude order ranging from 10-2 just 
above the surface to 10-5kgm-1s-1 within the upper 50cm, as 
can be observed in Table 2. 
 
Z (cm) D50 (mm) σ (Φ) α (Φ) κ (Φ) 
100-90 0.27 0.75 0.50 0.79 
90-80 0.33 0.78 -0.17 0.89 
80-70 0.28 0.74 0.48 0.79 
70-60 0.26 0.65 0.28 0.96 
60-50 0.29 0.76 0.37 0.91 
50-40 0.27 0.57 -0.24 0.91 
40-30 0.27 0.56 -0.26 0.88 
30-20 0.26 0.50 -0.29 0.83 
20-10 0.25 0.51 -0.25 0.84 
10-0 0.29 0.58 -0.53 1.22 
 
TABLE 1. Statistical parameters of the sand samples collected on the 
dune crest from each sand trap compartment. D50: Mean grain size; 
Sorting; Skewness; Kurtosis; Z: Height of each chamber related to the 
dune surface
��
�∗ �
1
� � �� �
�
��� �� � ��
�� � � � ��� �
��
� � �∗�
�� � � � ����
�
� � ��� � �∗
�
�� � � � ��� � ��∗ � �∗�� � ��∗ � �∗��
�
�� � �� � ��� �
��
� � �∗
� � ��∗ � �∗��
�� � ������� � ����� [eq. 6]
G e o l o g i c a  A c t a ,  1 3 ( 2 ) ,  1 5 5 - 1 6 6  ( 2 0 1 5 )
D O I :  1 0 . 1 3 4 4 / G e o l o g i c a A c t a 2 0 1 5 . 1 3 . 2 . 6
M .  N a v a r r o  e t  a l . Vertical sand transport in a mobile dune 
161
Therefore, in the overall 100cm-air column the 
transport rate has been of 2.08·10-2kgm-1s-1, (i.e. a total of 
412m3m-1yr-1), being the average during the research time 
interval, with average wind velocities ranging from 8.41 
to 11.78ms-1. Under similar wind conditions, Jackson and 
Nordstrom (2013) identified sand transport rates of 40.2 
to 43.5kgm-1h-1 (i.e. 11.2·10-2 to 12.1 kg·m-1s-1) by using 
sand traps over the foredune crests at the coast of New 
Jersey (USA). Serra et al. (1997) obtained average sand 
transport rates of 33–41m3m-1yr-1 (1.7–2.1·10-3kgm-1s-1) 
for a highly changing wind velocity with average wind 
speeds ranging from 6.7 to 12.4ms-1, while sand traps 
employed by Cabrera and Alonso (2010) reflected rates 
of 2.18·10-4 and 3.07·10-4kg·m-1s-1 under average wind 
speeds of 5.2ms-1.
Theoretical transport rates obtained from the velocity profile
The vertical wind velocity profile at the dune crest has 
been represented in Figure 7. Wind speed just above the 
dune surface ranged from 5.69 to 11.51ms-1, with a mean 
wind speed of 8.41ms-1, while the upper anemometer gauge 
recorded averaged minimum and maximum values of 9.9 and 
25.5ms-1, respectively. Mean values show that wind speed 
increased progressively from 30kmh-1 just above the surface 
to 42kmh-1 at a height of 1.18m. Maximum values appeared 
from 1.18 to 1.35m, showing an exponential increase of wind 
speed of 34% at that height, while minimum differences in 
wind speed were detected from 0.30 to 0.60m (5.4%). 
Averages and standard deviations of minimum, mean and 
maximum wind speeds (ms-1) recorded by the anemometer 
tower at a given height over the dune surface are shown in 
Table 3. Mean speed values in the vertical array approximately 
ranged from 8.4 to 17.9ms-1 with standard deviations ranging 
from 1 to 2.42m/s. Maximum standard deviations have also 
been detected in the upper anemometer gauge. 
As can be observed in Figure 8, wind regime during the 
recording period had a remarkable East component (71%). 
The most frequent and strongest winds blew from the ESE 
direction. 
Shear velocities for each height have been computed 
by means of the law of the wall (eq. 1). For the calculation 
of the aerodynamic roughness length (z0= d/30) a master 
sample obtained from the different weights retained in 
the sand trap (D50= 0.28mm) has been used. The friction 
velocity just above the dune surface turns to be relatively 
higher than that computed for the following height 
because close to very smooth ground surfaces the wind 
speed decreases and viscous forces become predominant. 
Hence, in a very limited region immediately adjacent to 
the surface, the turbulent flow becomes laminar, in what 
is called the laminar sub-layer (Pye and Tsoar, 1990). 
Theoretical sand transports for each height have 
been computed applying the transport equations in 
 
FIGURE 5. Distribution of sorting vs. skewness parameters for the sand 
trap samples at the dune crest. Linear fit is shown with a blue line.
 
 
FIGURE 6. Sand weight (W) retained by the trap on the dune foot (A) 
and dune (B) crest during 15 minutes.
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the methodology section. Close to the surface, where 
creeping and saltation processes are dominant, transport 
rates range from 0.7·10-2 to 1.6·10-2kgm-1s-1, i.e. 135.65 
to 322.69m3m-1yr-1 (Table 4), while at the upper height 
sand transport ranges from 2.5·10-2 to 7.2·10-2kgm-1s-1, 
i.e. 486.93 to 1421.92m3m-1yr-1. Maximum transport 
rate values are always obtained from the Bagnold and, 
Lettau and Lettau equations. Therefore, average sand 
transport rates range from 0.9·10-2 to 2.3·10-2kgm-1s-1, i.e. 
approximately 179.80 to 457.23m3m-1yr-1.
Comparison between theoretical and experimental sand 
transport
The actual sand transport at the Valdevaqueros 
dune crest has been compared to the theoretical sand 
transport rates extracted from equations 2, 3, 4 and 5. 
Table 4 shows the ratio between the real sand transport 
rate, which was obtained from the sand trap transport 
measurement and the theoretical sand transport rates for 
each formulation. 
DISCUSSION
Experimental results from sand trapping confirm that 
sand distribution with height follows a decreasing function, 
but this tendency is sharper above the dune crest than 
at the dune foot. After analysing grain size at the cross-
dune profile, general trends confirm that both dune foot 
and dune crest sediments correspond to medium-grained 
sands. Results also confirm that sand is coarser at the dune 
foot and windward side than at the crest and leeward zone. 
Retained sand weight at the Valdevaqueros dune crest is 
considerably higher than at the dune foot as a result of 
grain size and wind velocity differences. This trend of the 
horizontal dune profile, in which there is reduction in the 
mean wind velocity in the toe region with a subsequent 
velocity acceleration up the windward slope to a maximum 
in the crest/brink region, is in close agreement with field 
and wind tunnel data presented by Lancaster et al. (1996), 
Wiggs et al. (1996), McKenna-Neuman et al. (1997, 2000) 
and Walker and Nickling (2002). 
Because the sediment concentration of a sand mass flux 
decreases with height, the sampling efficiency increases 
rapidly with height above the bed surface. Hence, vertical 
traps seem to work adequately (efficiency>80%) at heights 
greater than 15mm above the bed. Closer to the bed, 
however, the open array trap catches about 70%. Since 
most of the transport takes place close to the surface, the 
overall efficiency of the field traps ranges from 50 to 70% 
(Rasmussen and Mikkelsen, 1998). As many vertical sand 
traps cannot be reoriented automatically in relation to wind 
direction changes, potential improvements on the design 
of this kind of traps could be taken into consideration 
in further researches. In spite of that, the placement of 
several anemometers and sand traps has showed to work 
successfully in the sand transport computation, given the 
amount of retained sand at the dune crest and the low wind 
direction variability at the area.
The implementation of the anemometer gauge has not 
only provided the extraction of the vertical wind profile 
velocity but also the identification of noticeable differences 
in wind speed with height. Whereas data registered from 
1.18 to the upper anemometer at 1.35m show a significant 
wind speed increase of 34%, from 0.3 to 0.6m values are 
considerably similar (with 5.4% of increase). Hence, when 
deciding at which height the anemometer cups should be 
Z (cm) weight (g) weight (%) qr (kg m-1 s-1) qr (m3 m-1 y-1)  
90-100 16 0.21 4.44E-05 0.88  
80-90 36 0.48 1.00E-04 1.98  
70-80 26 0.35 7.22E-05 1.43  
60-70 30 0.40 8.33E-05 1.65  
50-60 35 0.47 9.72E-05 1.93  
40-50 89 1.19 2.47E-04 4.90  
30-40 190 2.54 5.28E-04 10.47  
20-30 333 4.45 9.25E-04 18.35  
10-20 2268 30.33 6.30E-03 124.95  
0-10 4455 59.57 1.24E-02 245.45  
TOTAL 7478 100 2.08E-02 412  
 
 
TABLE 2. Sand weight and real transport rate obtained from the sand 
trap at the dune crest
 
Height (m) Average wind speed (m/s) Min. St. Dev. Mean St. Dev. Max. St. Dev. 
1.35 9.96 4.53 17.86 2.42 25.53 2.49 
1.18 7.66 0.78 11.78 1.60 18.84 2.35 
0.60 5.92 0.88 9.63 1.84 15.22 1.60 
0.30 6.99 0.67 9.11 0.99 14.24 1.73 
0.035 5.69 0.74 8.41 1.23 11.51 1.16 
 
TABLE 3. Summary statistics from 198-minute anemometer time series 
(12:36 to 15:54) on March, 2012 during severe east winds
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FIGURE 7. Vertical wind profile velocity (m·s-1) for the dune crest area. 
Minimum, mean and maximum values were obtained during 198 
minutes. Z (m): Height above the dune surface.
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placed, it is important to consider where the wind velocity 
profile shows greater changes. In this case, if few devices 
are available, one of them could be placed close to the 
surface and the following one between 30 and 60cm over 
the dune surface.
Within the vertical profile above the dune surface, 
there is not a clear general tendency to decrease the 
mean grain size with height, which proves that the mean 
grain size does not have to be the only important feature 
conditioning sand transport.
Standard deviation values suggest the aleatory 
presence of grains and bioclasts of elongated morphology 
which can be kept on the upper compartments by 
suspension, due to their shape and density. In fact, as it 
has been stated by Iversen et al. (1976), the threshold 
velocity is directly related to grain density, so that the 
less dense materials will be remobilised with lower wind 
velocities, which means that aeolian transport of the 
medium sand fraction is more intense when presenting 
carbonate content (Alcántara-Carrió et al., 2001).
After comparing theoretical and experimental sand 
transport results, values confirm that within the first 20 
centimetres above the dune surface, there is a massive sand 
transport at the research area, in which rates obtained in 
situ are 0.9 to 3 times greater than those computed from 
different classical formulae. 
On the other hand, the theoretical sand transport rates 
above 1.18m are much greater than the average real values; 
possibly due to the aforementioned grain size characteristics 
and wind speed increase at that height, although in general, 
sand transport measurements in situ approximate the 
Bagnold, and the Lettau and Lettau equations.
Actual sand transport rates are close to values obtained in 
other active dune fields, despite sometimes obey to an order 
of magnitude greater than other researches (as Serra et al., 
1997 or Cabrera and Alonso, 2010), which can be explained 
by the singularity of the strong and frequent wind regime 
that occur close to the Strait of Gibraltar and the existence of 
a large sand supply at the Valdevaqueros dune system.
CONCLUSIONS
Experimental data from field research by means of an 
array of anemometer cups and sand trap measurements 
have been employed to obtain theoretical and actual sand 
transports over a highly mobile dune in the SW of Spain.
Theoretical sand transport based on several classical 
formulae has been computed from the obtained vertical 
wind profile within 1.35m, finding average transport rates 
from 180 to 457m3m-1yr-1. 
Results obtained by the sand trap implementation show 
that under a moderate wind speeds (from 8.4 to 17.9ms-1) 
and low wind direction variability, sand transport at the dune 
 
aa Transport rates (m3·m-1·yr-1) Q ratio 
Z (m) uZ (m·s-1) u* (m·s-1) qB qZ qK qL qB / qr qZ / qr qK / qr qL / qr 
1.35 17.86 0.60 1026.49 486.93 493.50 1421.92 2.49 1.18 1.20 3.45 
1.18 11.78 0.40 304.78 144.58 126.31 278.01 0.74 0.35 0.31 0.67 
0.6 9.63 0.35 198.92 94.36 70.29 138.24 0.48 0.23 0.17 0.34 
0.3 9.11 0.35 204.46 96.99 73.24 145.14 0.50 0.24 0.18 0.35 
0.035 8.41 0.41 322.59 153.02 135.65 302.85 0.78 0.37 0.33 0.74 
Average 11.36 0.42 411.45 195.17 179.80 457.23 1.00 0.47 0.44 1.11 
 
TABLE 4. Comparison between theoretical sand transports and the actual sand transport obtained from the sand trap experiment for each height. 
Notation: Z (m): Given height above the dune surface; uz; Mean wind velocity; u* (m·s-1): Threshold wind velocity; qB: Sand transport by Bagnold; 
qZ: Sand transport by Zingg; qK: Sand transport by Kawamura; qL: Sand transport by Lettau and Lettau; qr: Real sand transport
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FIGURE 8. Valdevaqueros wind rose obtained during 198 minutes by 
the anemometer gauge for the dune crest area at 1.35m.
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crest becomes 35 times the sand transport at the dune foot. 
Sand distribution with height follows a decreasing potential 
equation in which 90% of the total is retained within the 
first 20cm above the crest surface, demonstrating a massive 
dynamics at that interval of height, where actual sand 
transport rates turn out to be up to 3 times the computed 
theoretical rates. Identified average sand transport above 
the dune crest is of 412m3m-1yr-1, an order of magnitude 
greater than those obtained at other dune fields, which 
confirms that the Valdevaqueros dune is located in one of 
the most windiest points in Europe. In our case, average 
experimental results seem to fit better with the equations of 
Bagnold and Lettau and, Lettau for the dune crest area. 
Statistical grain size parameters as mean diameter, 
sorting, skewness and kurtosis for each sand trap 
sample have also been analysed in this study. General 
trends show that dune crest sediments correspond to 
medium-grained sands (D50=0.28mm) that are better 
sorted, coarse-skewed and mesokurtic at lower heights. 
In addition, the unclear mean grain size distribution 
with height assumes the presence of grains of different 
morphology and density that interact in the transport 
process by suspension at upper heights. Therefore, 
all these parameters as well as the morphology and 
composition of the grains should be taken into account 
since the mean grain size is not the only important 
feature conditioning sand transport. 
Field measurements have identified a sharp increase 
of 34% in wind speed from 1.18 to 1.35m above the crest 
surface, which obviously can reflect non-realistic sand 
transport rates. On the other hand, lower differences 
of 5.4% in wind speed have been detected from 0.30 
to 0.60m. This vertical wind profile velocity can help 
to determine optimum heights where to place limited 
anemometer gauges in future researches to achieve more 
accurate sand transport rates. 
Although most of vertical sand traps cannot be 
reoriented automatically according to wind direction 
variability, the employed sand trap works out 
considerably practical in this kind of active dune fields 
to achieve a preliminary but reliable sand transport 
approach.
ACKNOWLEDGMENTS   
 The authors would like to thank the Organizing Committee 
as well as some of the participants of the VII Jornadas de 
Geomorfología Litoral, which took place in Oviedo (Spain) on July 
2013, for their constructive comments to a prior communication of 
this work. We would also acknowledge the invaluable help of Dr. 
Ignacio Alonso and another unknown reviewer whose suggestions 
helped to improve and clarify this manuscript. 
REFERENCES   
Alcántara-Carrió, J., Alonso, I., 2001. Aeolian sediment 
availability in coastal areas defined from sedimentary 
parameters. Application to a case study in Fuerteventura. 
Scientia Marina, 65(Suppl. 1), 7-20.
Alcántara-Carrió, J., Fernández-Bastero, S., Alonso, I., 2010. 
Source area determination of aeolian sediments at Jandia 
Isthmus (Fuerteventura, Canary Islands). Journal of Marine 
Systems, 80, 219-234.
Arens, S.M., van der Lee, G.E.M., 1995. Saltation sand traps for 
the measurement of aeolian transport into the foredunes. Soil 
Technology, 8, 61-74.
Bagnold, R.A., 1941. The Physics of Blown Sand and Desert 
Dunes. London, Chapman Hall, 265pp.
Bauer, B.O., Dadvison-Arnott, R.G.D., 2003. A general 
framework for modeling sediment supply to coastal dunes 
including wind angle, beach geometry, and fetch effects. 
Geomorphology, 49(1-2), 89-108.
Bauer, B.O., Davidson-Arnott, R.G.D., Nordstrom, K.F., 
Ollerhead, J., Jackson, N.J., 1996. Indeterminacy in aeolian 
sediment transport across beaches. Journal of Coastal 
Research, 12, 641-653.
Bauer, B.O., Davidson-Arnott, R.G.D., Hesp, P.A., Namikas, 
S.L., Ollerhead, J., Walker, I.J., 2009. Aeolian sediment 
transport on a beach: Surface moisture, wind fetch, and mean 
transport. Geomorphology, 105(1-2), 106-116.
Belly, P.Y., 1964. Sand Movement by Wind. US Army Corps of 
Engineers, Coastal Engineering Research Center. Technical 
Memorandum, 1.
Cabrera, L.L., Alonso, I., 2010. Correlation of aeolian sediment 
transport measured by sand traps and fluorescent tracers. 
Journal of Marine Systems, 80(3-4), 235-242.
Davidson-Arnott, R.G.D., MacQuarrie, K., Aagaard, T., 2005. 
The effect of wind gusts, moisture content and fetch length 
on sand transport on a beach. Geomorphology, 68, 115-129.
Davidson-Arnott, R.G.D., Yang, Y., Ollerhead, J., Hesp, P.A., 
Walker, I.J., 2008. The effects of surface moisture on aeolian 
sediment transport threshold and mass flux on a beach. Earth 
Surface Processes and Landforms, 33, 55-74.
Folk, R.L., Ward, W.C., 1957. Brazos River Bar: A study in the 
significance of grain size parameters. Journal of Sedimentary 
Petrology, 27(1), 3-26.
Fryberger, S.G., 1979. Dune forms and wind regime. 
In: McKee, E.D. (ed.). A study of global sand seas. 
Washington, United States Geological Survey Professional 
Paper, 1052, 137-169.
Gómez-Pina, G., Fages, L., Román-Sierra, J., Navarro, M., 
Giménez-Cuenca, M., Ruiz, J.A., Muñoz-Pérez, J.J., 2007. An 
example of Integrated Coastal Management in Punta Candor 
(Rota, Spain). I International Conference on Management 
and Restoration of Coastal Dunes. Santander, 2007, 71-76.
Goossens, D., Offer, Z., London, G., 2000. Wind tunnel and 
field calibration of five aeolian sand traps. Geomorphology, 
35, 233-252.
G e o l o g i c a  A c t a ,  1 3 ( 2 ) ,  1 5 5 - 1 6 6  ( 2 0 1 5 )
D O I :  1 0 . 1 3 4 4 / G e o l o g i c a A c t a 2 0 1 5 . 1 3 . 2 . 6
M .  N a v a r r o  e t  a l . Vertical sand transport in a mobile dune 
165
Gutiérrez-Mas, J.M., Juan, C., Morales, J.A., 2009. Evidence of 
high-energy events in shelly layers interbedded in coastal 
Holocene sands in Cadiz Bay (south-west Spain). Earth 
Surface Processes and Landforms, 34(6), 810-823.
Hesp, P.A., Davidson-Arnott, R.G.D., Walker, I.J., Ollerhead, 
J., 2009. Flow dynamics over a foredune at Prince Edward 
Island, Canada. Geomorphology, 65, 71-84.
Horikawa, K., Shen, H.W., 1960. Sand Movement by Wind 
Action. US Army, Corps of Engineers, Beach Erosion Board. 
Technical Memorandum, 119, 51pp.
Illenberg, W.K., Rust, I.C., 1986. Venturi-compensated aeolian sand-
trap for field use. Journal of Sediment Research, 56, 541-543.
Iversen, J.D., Pollack, J.B., Greeley, R., White, B.R., 1976. Saltation 
threshold on Mars: the effect of intraparticle force, surface 
roughness and low atmospheric density. Icarus, 29, 381-393.
Jackson, N.L., Nordstrom, K.F., 2011. Aeolian sediment transport 
and landforms in managed coastal systems: A review. Aeolian 
Research, 3, 181-196.
Jackson, N.L., Nordstrom, K.F., 2013. Aeolian sediment transport 
and morphologic change on a managed and an unmanaged 
foredune. Earth Surface Processes and Landforms, 38, 413-420.
Kawamura, R., 1964. Study of sand movement by wind. 
Hydraulic Engineer Laboratory. Berkeley, University of 
California, Technical Report, HEL-2-8, 99-108. 
Knott, P., Warren, A., 1981. Aeolian processes. In: Goudie, A.S. 
(ed.). Geomorphological Techniques. London, Allen and 
Unwin, 226-246.
Lancaster, N., Nickling, W.G., McKenna Neuman, C.K., Wyatt, 
V.E., 1996. Sediment flux and airflow on the stoss slope of a 
barchan dune. Geomorphology, 17(1-3 SI), 55-62.
Leatherman, S.P., 1978. A new aeolian sand trap design. 
Sedimentology, 25, 303-306.
Lettau, K., Lettau, H.H., 1978. Experimental and micro-
meteorological field studies of dune migration. In: Lettau, 
H.H, Lettau, K. (eds.). Exploring the World’s Driest Climate. 
University of Wisconsin-Madison, IES report, 101, 110-147.
Levin, N., Kidron, G.J., Ben-dor, E., 2007. A field quantification of 
coastal dune perennial plants as indicators of surface stability, 
erosion or deposition. Sedimentology, 55(4), 751-772.
Li, Z.S., Ni, J.R., 2003. Sampling efficiency of vertical array 
aeolian sand traps. Geomorphology, 52, 243-252
Livingstone, I., Wiggs, G.F.S., Weaver, C.M., 2007. 
Geomorphology of desert sand dunes: A review of recent 
progress. Earth-Science Reviews, 80, 239-257.
Mckenna Neuman, C., Lancaster, N., Nickling, W.G., 1997. Relations 
between dune morphology, air flow, and sediment flux on reversing 
dunes, Silver Peak, Nevada. Sedimentology, 44(6), 1103-1113.
Mckenna Neuman, C., Lancaster, N., Nickling, W.G., 2000. 
The effect of unsteady winds on sediment transport on the 
stoss slope of a transverse dune, Silver Peak, NV, USA. 
Sedimentology, 47(1), 211-226.
Morales, J.A., Borrego, J., San Miguel, E.G., López-González, 
N., Carro, B., 2008. Sedimentary record of recent tsunamis 
in the Huelva Estuary (south-western Spain). Quaternary 
Science Reviews, 27(7-8), 734-746.
Muñoz-Pérez, J.J., Navarro, M., Román-Sierra, J., Tejedor, B., 
Rodríguez, I., Gómez-Pina, G., 2009. Long-term evolution 
of a transgressive migrating dune using reconstruction of the 
EOF method. Geomorphology, 112, 167-177.
Navarro, M., Muñoz-Pérez, J.J., Román-Sierra, J., Tejedor, 
B, Rodríguez, I., Gómez Pina, G., 2007. Morphological 
evolution in the migrating dune of Valdevaqueros (SW 
Spain) during an eleven-year period. Proceedings of the 1st 
International Conference on Management and Restoration of 
Coastal Dunes, 80-85. ISBN: 978-84-8102-497-5.
Navarro, M., Muñoz-Pérez, J.J., Román-Sierra, J., Tsoar, H., 
Rodríguez, I., Gómez-Pina, G., 2011. Assessment of highly 
active dune mobility in the medium, short and very short 
term. Geomorphology, 129(1-2), 14-28.
O’Brien, M.P., Rindlaub, B.D., 1936. The transportation of sand 
by wind. Civil Engineering, 6, 325-327.
Owens, J.S., 1927. The movement of sand by wind. Engineer, 
143, 377pp.
Pye, K., Tsoar, H., 1990. Aeolian sand and sand dunes. Germany, 
Springer, 465pp.
Rasmussen, K.R., Mikkelsen, H.E., 1998. On the efficiency of 
vertical array aeolian field traps. Sedimentology, 45, 789-800.
Rodríguez Santalla, I., Sánchez García, M.J., Montoya Montes, 
I., Gómez Ortiz, D., Martín Crespo, T., Serra Raventós, 
J., 2009. Internal structure of the aeolian sand dunes of El 
Fangar spit, Ebro Delta (Tarragona, Spain). Geomorphology, 
104(3-4), 238-252.
Román-Sierra, J., Muñoz-Pérez, J.J., Navarro, M., 2013. 
Influence of sieving time on the efficiency and accuracy of 
grain-size analysis of beach and dune sands. Sedimentology, 
60, 1484-1497.
Román-Sierra, J., Muñoz-Pérez, J.J., Navarro-Pons, M., 2014. 
Beach nourishment effects on sand porosity variability. 
Coastal Engineering, 83, 221-232.
Serra, J., Riera, G., Argullós, J., Parente-Maia, L., 1997. 
El transporte eólico en el Delta del Ebro. Evaluación y 
contribución al modelado litoral. Boletín Geológico y Minero 
(IGME), 108(4-5), 477-485.
Shao, Y., Mikami, M., 2005. Heterogeneous saltation: Theory, 
observation and comparison. Boundary-Layer Meteorology, 
115(3), 359-379.
Sherman, D.J., Swann, C., Barron, J.D., 2014. A high-efficiency, 
low-cost aeolian sand trap. Aeolian Research, 13, 31-34.
Sherman, D.J., Jackson, D.W.T., Namikas, S.L., Wang, J., 1998. 
Wind-blown sand on beaches: An evaluation of models. 
Geomorphology, 22(2), 113-133.
Syvitski, J.P.M., 1991. Principles, Methods, and Application of 
Particle Size Analysis. New York, Cambridge University 
Press, 368pp.
Tsoar, H., Levin, N., Porat, N., Maia, L.P., Herrmann, H.J., Tatumi, 
S.H., Claudino-Sales, V., 2009. The effect of climate change on 
the mobility and stability of coastal sand dunes in Ceará State 
(NE Brazil). Quaternary Research, 71(2), 217-226.
USACE 2008. Coastal sediment properties. US Army Corps of 
Engineers. Coastal Engineering Manual – Part III. EM 1110-2-1100.
M .  N a v a r r o  e t  a l .
G e o l o g i c a  A c t a ,  1 3 ( 2 ) ,  1 5 5 - 1 6 6  ( 2 0 1 5 )
D O I :  1 0 . 1 3 4 4 / G e o l o g i c a A c t a 2 0 1 5 . 1 3 . 2 . 6
Vertical sand transport in a mobile dune 
166
Walker, I.J., Nickling, W.G., 2002. Dynamics of secondary airflow 
and sediment transport over and in the lee of transverse dunes. 
Progress in Physical Geography, 26(1), 47-75.
Walker, I.J., Davidson-Arnott, R.G.D., Hesp, P.A., Bauer, B.O., 
Ollerhead, J., 2009. Mean flow and turbulence responses in 
airflow over foredunes: new insights from recent research. 
Journal of Coastal Research, 56(SI), 366-370.
Weaver, C.M., Wiggs, G.F.S., 2011. Field measurements of 
mean and turbulent airflow over a barchan sand dune. 
Geomorphology, 128(1-2), 32-41.
Wiggs, G.F.S., Livingstone, I., Warren, A., 1996. The role of streamline 
curvature in sand dune dynamics: Evidence from field and wind 
tunnel measurements. Geomorphology, 17(1-3 SI), 29-46.
Wiggs, G.F.S., Baird, A.J., Atherton, R.J., 2004. The dynamics of 
moisture on the entrainment and transport of sand by wind. 
Geomorphology, 59, 13-30.
Zingg, A., 1953. Wind tunnel studies of the movement of sedimentary 
material. Iowa City: Institute of Hydraulics. Proceedings of the 
5th Hydraulics Conference Bulletin, 34, 111-135. 
Manuscript received November 2013;
revision accepted September 2014;
published Online June 2015.
